The behavior of sulfur in the cracking of residual oils with generation of hydrogen has been investigated. In the cracker, most of the sulfur contained in the feed oil is transferred to a 560 in the catalyst after the cracking reaction.
Introduction
As iron oxides have a strong affinity for sulfur1), they are often used in high temperature gas desulfurization2)-9).
The authors have previously made studies of residual oil cracking with simultaneous generation of hydrogen using a redox reaction of iron, and have proposed a new process for upgrading residual oil10),11).
As residual oils usually contain fairly large amounts of sulfur, the behaviour of sulfur in the residual oil cracking process previously proposed has been investigated.
Experimental

Feedstocks
Kuwait and Agha Jani vacuum residual oils were used as feedstocks. Their properties are shown in Table 1 .
Catalyst
The catalyst used is the same as that previously described11).
Method of Experiments
The fluidized bed apparatus and the experimental procedure used are the same as those previously described11).
The fixed bed apparatus used for residual oil cracking is the same as that shown in Fig. 1 in the previous paper10). Four Fig. 2 . The amount of carbon deposited on the catalyst and the amount of sulfur in the catalyst are proportional to the residence time of the catalyst, whereby the following equations are obtained:
for Kuwait and Agha Jani vacuum residual oils (1) for Kuwait vacuum residual oil (2) for Agha Jari vacuum residual oil (3) tainedwith Kuwait vacuum residual oil as with Agha Jari vacuum residual oil, presumably because both feedstocks have almost the same amount of Conradson carbon residue. On the other hand, uum residual oil is different from that in Agha Jari vacuum residual oil, presumably because of the difference in the sulfur contents of these feedstocks. The sulfur to carbon weight ratio of the coke is about twice that of the feedstock for Kuwait and Agha Jari vacuum residual oils, as seen in Table 3 . The ratio of (S/C) coke to (S/C) feed obtained here is higher than that obtained with Fluidcoker12), because the iron in the catalyst reacts with the sulfur compounds9).
Behavior of Sulfur in Regenerator
The coke-deposited catalyst was continuously charged into the regenerator and then into the hydrogen generator. Compositions of the gases from the regenerator and hydrogen generator are shown in Fig. 3 . The concentration of sulfur in the gas from the regenerator is so low that gas emission to the atmosphere will not cause serious air pollution even without desulfurization. As for the composition of the sulfur compounds, it is considered that when sulfur in the coke is oxidized at the bottom of the regenerator, sulfur dioxide is first formed that passing through the reactor in bubbles reacts with hydrogen or carbon monoxide to form hydrogen sulfide or carbonyl sulfide, which reacts with iron oxide to form iron sulfide6),8). The hydrogen is considered to be generated by the reaction of CO and FeO with H2O produced by combustion of coke and with that contained in the air fed to the regenerator.
Behavior of Sulfur in Hydrogen Generator
The catalyst containing ferrous oxide (FeO), triiron tetraoxide (Fe3O4), iron sulfide (FeS), and coke was charged to the hydrogen generator through the regenerator and was reacted with steam at the product gas from the hydrogen generator is also shown in Fig. 3 . Desulfurization of iron sulfide and the water-gas reaction are considered to occur as shown below.
In order to investigate the reaction of iron sulfide with steam in detail, desulfurization of iron the fixed bed reactor. The relationship between percent desulfurization of FeS and H2O/FeS molar ratio is plotted in Fig. 4 . The relationship obtained by calculation13) using the following equation is shown with a solid line also in Fig. 4 . X in Eq. (4) is solved by computer-aided successive approximation.
where Z: fractional desulfurization of FeS=nH2S/ librium constant of the equation (3FeS+4H2O= Fe3O4+3H2S+H2); Cc: amount of carbon deposited on catalyst (wt%) Sc: amount of sulfur in coke-deposited catalyst (wt%) Fig. 4 Relationship between Percent Desulfurization of FeS and H2O/FeS Molar Ratio nH2S, nH2, nH2O: amounts of H2S, H2, and H2O in the product gas, respectively, (mol); the hydrogen generator, respectively, (mol). The observed data agree well with the solid line. It is also evident from the calculation that the more FeO is fed to the hydrogen generator, the lower is the percent desulfurization of FeS, as shown in Fig. 5 The ferrous oxide (FeO) thus obtained was fed to the hydrogen generator, and reacted with steam A series of the above three reactions was repeated three times. Sulfur print analysis of the catalyst was made at each step, and the amount of sulfur in the iron sulfide was shown in Fig. 6 together with the total sulfur and carbon contents in the coke deposited on the catalyst. In the first series of repetition, no metal sulfide was detected in the catalyst after cracking in the cracker though 0.32% of sulfur and 3.7% of carbon were found. The catalyst after partial oxidation in the regenerator contained a fairly large amount of iron sulfide and 0.30% of sulfur as well as 1.2% of carbon. The catalyst after hydrogen generation in the hydrogen generator contained 0.27% of sulfur and 1.0% of carbon. Thus, smaller amount of metal sulfides were detected in the catalyst from the hydrogen generator than in the catalyst from the regenerator.
Analytical results of the catalyst taken out of the regenerator are shown in Table 4 , and they indicate that formation of elemental sulfur and sulfate is negligible.
These results indicate also that, in the cracker, most of the sulfur was transferred to the coke as organic sulfur compounds. It is assumed that, in the regenerator, a considerable amount of sulfur in the coke was converted to gaseous sulfur compounds such as sulfur dioxide, carbonyl sulfide, and hydrogen sulfide; and that some of this sulfur was fixed in the catalyst to form iron sulfide. The difference in the carbon content between the catalyst obtained from the cracker and that from the regenerator was large, while almost no difference was observed in their sulfur contents. These facts support the assumption that, in the regenerator, sulfur is fixed in the catalyst. It is assumed that, in the hydrogen generator, part of the iron sulfides is decomposed to release hydrogen sulfide and that part of the carbon is consumed in the watergas reaction. The compositions of the gases from the regenerator and the hydrogen generator are shown in Fig. 3 . The sulfur content in the gas from the regenerator is approximately 200ppm, which corresponds to 0.35% of the sulfur fed to the regenerator, while gasification of carbon is 58%. Hydrogen, hydrogen sulfide, carbon dioxide, and carbon monoxide were detected in the gas from the hydrogen generator. Carbon dioxide and monoxide are considered to be produced by the watergas reaction.
As shown in Fig. 7 , sulfur accumulation in the catalyst was observed at the outlet of the cracker under the experimental conditions employed. A method of removal of the sulfur will be presented in subsequent paper.
X-ray diffraction patterns of the catalyst taken out of the cracker, regenerator, and hydrogen generator at the 3rd cycle of series of reactions are shown in Fig. 8 , where the iron sulfide formed in the regenerator was assumed to be FeS1.1.
The results of electron probe microanalyses (Fig.  9) show that the sulfur is distributed closer to the surface of the catalyst particle at the outlet of the regenerator than at the center. This indicates that it is difficult for the gaseous sulfur compounds to penetrate into the catalyst because of the small specific surface area of the catalyst.
Consequently, the behavior of sulfur in this process is assumed to be as shown in Fig. 10 . The sulfur contained in the feedstock is transferred to the gas, oil, and coke, and catalyst in the cracker. The sulfur in the coke deposited on the catalyst is burned with air at the bottom of the regenerator to produce sulfur dioxide, which reacts with hydrogen or carbon monoxide to form hydrogen sulfide or carbonyl sulfide. These sulfur compounds react with ferrous oxide to form iron sulfide, which is partially desulfurized by reacting with steam in the hydrogen generator.
Conclusion
The behavior of sulfur in cracking of residual oils with generation of hydrogen was investigated.
In the cracker, it was found that most of the sulfur contained in the feed oil was transferred to presumably because of the difference in the sulfur contents of these feedstocks. In the regenerator, the sulfur in the coke deposited on the catalyst is partially oxidized by air to produce gaseous sulfur compounds such as sulfur dioxide, carbonyl sulfide, and hydrogen sulfide. These sulfur compounds react with ferrous oxide to form iron sulfide. The sulfur content in the gas from the regenerator is approximately 200ppm, which corresponds to 0.35% of the sulfur fed to the regenerator, while gasification of carbon is 58%. In the hydrogen generator, the iron sulfide is partially desulfurized by reacting with steam. The degree of desulfurization is determined by the equilibrium of the following reaction: 3FeS+4H2O=Fe3O4+3H2S+H2 The behavior of sulfur in this process is assumed to be as shown in Fig. 10 .
